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The detection and quantiﬁcation of neurotransmitter acetylcholine (ACh) are relevant because mod-
iﬁcations in the ACh levels constitute a threat to human health. The biological regulator of this
neurotransmitter is acetylcholinesterase (AChE), an enzyme that catalyzes the hydrolysis of ACh
to choline and acetic acid. However, its activity is inhibited in the presence of organophosphate
and carbamate pesticides, compromising the degradation of the neurotransmitter. There has been
a growing interest in faster and more sensitive detection systems that include new methods and
materials for the determination of the ACh concentration. This paper proposes a potentiometric
biosensor for the detection of neurotransmitter ACh and its inhibitors, speciﬁcally organophos-
phate pesticide methamidophos. The biosensor is based on a self-assembled platform formed by
poly(allylamine) hydrochloride (PAH) and silicon dioxide nanoparticles (SiO2-Np) that contains the
immobilized enzyme AChE. First, the responses of the biosensor were investigated for different
concentrations of ACh in buffer solutions. After quantifying ACh, the inhibition of AChE in the pres-
ence of methamidophos was determined, enabling the quantiﬁcation of methamidophos expressed
as the percentage of enzyme inhibition. The potential advantages of this biosensor include simplic-
ity in building the electrode, possible production on an industrial scale, limited need for qualiﬁed
personnel to operate the device and low processing cost.
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1. INTRODUCTION
Acetylcholine (ACh) is one of the important neurotrans-
mitters in the human nervous system. It is involved in sev-
eral activities including memory, attention, learning and
muscle contraction.1 ACh is released when a nerve impulse
is transmitted from one nerve cell to another nerve cell,
a muscle, or an endocrine cell.2 The detection and quan-
tiﬁcation of neurotransmitter ACh are important because
its level is reduced in Alzheimer’s disease.3 Moreover, the
buildup of ACh paralyzes muscular responses and vital
organs, ultimately leading to death.4
The biological regulator of ACh is the acetyl-
cholinesterase (AChE) enzyme, which catalyzes the
∗Author to whom correspondence should be addressed.
hydrolysis of ACh to choline and acetic acid according to
the following reaction:5
CH33N
+ CH22
Acetylcholine
OCOCH3+H2O
AChE−−→ CH33 N+CH22
holine
OH+H++CH3COO−
Acetic acid
However, the activity of this enzyme is inhibited in the
presence of organophosphate and carbamate pesticides,6
compromising the metabolism of neurotransmitter ACh by
the organism. During the hydrolysis of ACh, H+ ions are
generated as a product of the reaction. Their presence
changes the potential of the reaction medium, which can
be measured potentiometrically.6 Thus, it is possible to
directly detect ACh7 and indirectly detect a class of pesti-
cides by measuring enzyme inhibition.89
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Recently, carboxylated single-walled carbon nanotube
thin-ﬁlms were used as pH electrodes and a platform
for the potentiometric detection of ACh.5 Additionally,
a biosensor based on the enzymatic activity of AChE
was developed to detect organophosphate and carbamate
pesticides.10 A potentiometric assay for the AChE activity
using an ACh-selective electrode was also evaluated.11
In a recent study, our group reported on a hybrid
self-assembled electrode formed by poly(allylamine)
hydrochloride (PAH) and silicon dioxide nanoparticles
(SiO2-Np) as a pH sensitive electrode.
12 Self-assembly or
layer-by-layer (LbL) techniques stand out as versatile tools
to produce ordered thin ﬁlms and construct biosensors. The
advantages of the LbL method include possibly minimiz-
ing protein denaturation13 and having a highly controlled
ﬁlm architecture.14
This paper reports on the use of PAH/SiO2-Np as a plat-
form for the AChE enzyme immobilization to detect ACh
and ACh inhibitors, speciﬁcally the organophosphate pesti-
cide methamidophos. This class of pesticides has been the
subject of several discussions by international environmen-
tal regulatory agencies,15 and its use is restricted or even
prohibited in several countries. The proposed device has
showed rapid response and high sensitivity and detected
small amounts of ACh and methamidophos, suggesting its
potential use in the biomedical and environmental ﬁelds.
2. MATERIALS AND METHODS
Details of the self-assembly of poly(allylamine hydrochlo-
ride) (average Mw ∼ 15000) and silicon dioxide nanopow-
der (10–20 nm particle size) on gold (Au) coated glass
substrates were reported in our previous study, in which
the optimal pH sensor was achieved with three PAH/SiO2-
Np bilayers.12 The AChE enzyme was covalently cou-
pled to the PAH/SiO2-Np platform using glutaraldehyde
as a bi-functional linker molecule.16 The PAH/SiO2-Np-
AChE modiﬁed electrodes were dried under vacuum for
Figure 1. Schematic representation of the potentiometric biosensor used to detect acetylcholine and methamidophos.
two hours, dipped in a phosphate buffer solution and stored
at low temperature (approximately 5 C) for 24 hours.
Before the measurements, the PAH/SiO2-Np-AChE modi-
ﬁed electrodes were balanced at room temperature.
The biosensor included a commercial LF356 opera-
tional ampliﬁer operating as a voltage follower, according
to the Van der Spiegel concept.17 A silver/silver chloride
(Ag/AgCl) reference electrode was used to support a con-
stant voltage and the extended structure, formed by a PAH/
SiO2-Np-AChE modiﬁed electrode, was connected to the
input pin of the LF356 ampliﬁer. The electrical circuit was
closed in an electrolyte solution by using phosphate buffer
of low ionic strength (5 mM), as summarized in Figure 1.
Acetylcholine chloride (Sigma Aldrich) was utilized in
the detection of the neurotransmitter ACh. For the detec-
tion of ACh inhibitors, insecticide methamidophos (Sigma-
Aldrich) was selected as a representative inhibitor. The
reaction was catalyzed by enzyme AChE and produced
H+ ions, which changed the pH of the solution. There-
fore, the ions caused a potential difference between the
reference electrode and the PAH/SiO2-Np-AChE modiﬁed
electrode, which was measured to quantify the ACh con-
centration. Methamidophos was quantiﬁed by incubating
the PAH/SiO2-Np-AChE modiﬁed electrode in a methami-
dophos solution for 30 min and then measuring the biosen-
sor response to detect a selected concentration of 1 mM
of ACh. The amount of methamidophos was expressed in
terms of enzyme inhibition.18
3. RESULTS AND DISCUSSION
The electric potential between the PAH/SiO2-Np-AChE
modiﬁed electrode and the reference electrode was
recorded as a function of time and analyzed at ACh con-
centrations ranging from 0.2 mM to 5.0 mM. After reach-
ing the steady-state response (approximately six minutes)
for a speciﬁc ACh concentration, a new aliquot of ACh
chloride was added to the measuring cell. Figure 2 shows
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Figure 2. Dynamic response of the biosensor PAH/SiO2-Np-AChE at
the following concentrations of acetylcholine: 0.2, 0.4, 0.6, 0.8, 1.0, 1.5,
2.0, 3.0, 4.0, and 5.0 (mM). Measurement conditions: 5.0 mM phosphate
buffer, pH 7.4.
the sensor sensitivity changes to different concentrations
of ACh. The small difference in the potential (detail in
red) may be related to the instantaneous reaction between
AChE enzyme and ACh because the concentration of
ACh near the PAH/SiO2-Np-AChE modiﬁed electrode is
high at the beginning of the reaction. In other words,
there is an ACh gradient near the PAH/SiO2-Np-AChE
modiﬁed electrode at the initial stage of the reaction.
Therefore, due to magnetic stirring, ACh spreads through-
out the electrolyte solution and the gradient approaches
zero over time. The variation in the electric potential
reﬂects changes in the concentration of H+ ions distributed
in the solution.18 The measurements were repeated for
three different PAH/SiO2-Np-AChE modiﬁed electrodes so
that a calibration curve (Fig. 3) could be obtained. The
results followed a Michaelis-Menten behavior and were
consistent with ACh detection sensors based on conven-
tional ion-sensitive ﬁeld-effect transistors (ISFETs).1920
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Figure 3. Calibration curve of the biosensor PAH/SiO2-Np-AChE for
the determination of acetylcholine. Measurement conditions: 5.0 mM
phosphate buffer, pH 7.4.
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Figure 4. Characteristic signal of the biosensor system for the detection
of 1 mM of acetylcholine (black line) and the signal measured for the
same acetylcholine concentration after incubation of the PAH/SiO2-Np-
AChE modiﬁed electrode in a solution containing 50 mg ·L−1 of pesticide
methamidophos (blue line).
The achieved LOD (limit of detection) was 30 M,
determined in the linear region calibration curve of the
biosensor (from 0.2 up to 1 mM) according to the follow-
ing equation:21
LOD= 3 ·Sb
m
where Sb is the standard deviation of the blank (signal
without addition of ACh) obtained from 20 measurements
in the present case, and m is the slope or analytical sen-
sitivity, calculated here as m = 77± 06 mV ·mM−1.
Direct comparisons can be made with the recent literature
reports. Lee et. al found a LOD of 10 M using poten-
tiometric ACh biosensors based on single-walled carbon
nanotube thin-ﬁlm and ca. 20 mV/decade of sensitivity.5
On the other hand Cuartero et al. reported a detection limit
of 0.15 M using plasticized polymeric membrane ACh
selective electrode in a potentiometric assay.11
Figure 4 illustrates the electrical response of the
PAH/SiO2-Np-AChE modiﬁed electrode as an ACh
biosensor. After the stabilization of the output potential,
an aliquot of 1 mM ACh chloride was added to the phos-
phate buffer solution. As expected, there was an increase
of (9.5±0.6) mV in the output electric potential between
the reference electrode and the modiﬁed electrode. This
PAH/SiO2-Np-AChE modiﬁed electrode was also utilized
as a potentiometric biosensor for the indirect detection of
pesticide methamidophos using a standard signal of c.a.
9.5 mV. Initially, the PAH/SiO2-Np-AChE modiﬁed elec-
trode was tested as an ACh biosensor by detecting the elec-
trical signal shown in Figure 4 (black line). After further
stabilization, the modiﬁed electrode was removed from the
buffer solution and exposed to the pesticide for 30 min
in a solution containing methamidophos at a 35 mg ·L−1
concentration. Following the incubation process, a sec-
ond measurement was performed for the same aliquot of
ACh chloride and a decrease in the potentiometric signal
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Figure 5. Calibration curve of the biosensor PAH/SiO2-Np-AChE for
the determination of the pesticide methamidophos expressed as a percent-
age of enzyme inhibition. ( Lethal dose (LD 50) of formulated product
after oral delivery to rats).
was observed due to the inhibition of AChE by the pesti-
cide, as shown in Figure 4 (grey line). The experiment did
not show any appreciable decrease in the electric poten-
tial when the PAH/SiO2-Np-AChE modiﬁed electrode was
immediately removed from the buffer and placed in a
buffer solution without pesticide for a period of 30 min,
as shown in Figure 4. This result also indicates that the
PAH/SiO2-Np-AChE modiﬁed electrode can be reused.
In order to obtain a calibration curve, the enzyme inhi-
bition was determined from 0 to 50 mg ·L−1 concentra-
tions of pesticide methamidophos. The electric potential
was recorded and the enzyme inhibition was calculated.
The oral lethal dose (LD50) of the formulated product in
rats is indicated by a red point, as shown in Figure 5. The
potentiometric biosensor indirectly quantiﬁed the presence
of methamidophos in standard samples because the pes-
ticide binds irreversibly to the active site of the enzyme,
decreasing the enzyme activity. The enzyme activity of
AChE was inhibited by the presence of different concen-
trations of methamidophos and the inhibition percentage of
AChE was proportional to the concentration of pesticide.
4. CONCLUSIONS
We have investigated a hybrid system consisting of a gold
coated glass substrates modiﬁed with PAH, SiO2-Np and
AChE enzyme as potentiometric biosensor. Films contain-
ing SiO2-Np were fabricated by the LbL self-assembly
technique using PAH as the counter ion. PAH/SiO2-Np
was used as a support for the immobilization of AChE
enzyme and the resulting PAH/SiO2-Np-AChE ﬁlm was
used as an ACh biosensor. When the enzyme was inhibited
by methamidophos, it was possible to detect decreases in
ACh with the PAH/SiO2-Np-AChE modiﬁed electrode and
quantify the concentration of pesticide methamidophos.
The proposed device has been successfully produced,
characterized and applied as a potentiometric biosensor.
Advantages of this device include its low-cost and easy
preparation and reusability of the electrode. Further appli-
cations comprise the use of the proposed system to detect
the concentration of other organophosphate and carbamate
pesticides.
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